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1.  Historical 

If  a.  strong  beam  of  light  be  concentrated  in  a  flask  of 
water  and  viewed  in  a  direction  at  right  angles  to  that  of  the 
beam  against  a  black  background,  the  path  of  the  light  through 
the  liquid  is  clearly  visible.  The  cause  of  this  "light  cone"  in 
carefully  distilled  liquids  has  been  a  subject  for  controversy 
at  least  since  1869,  when  Lallemand  and  Soret  disagreed  as 
to  its  cause.  Lallemand1  thought  it  a  property  of  the  liquid 
itself,  while  Soret2  attributed  it  wholly  to  particles  suspended 
in  the  liquid. 

Some  years  later  the  problem  was  attacked  and  appar- 
ently settled  by  two  different  experimenters:  Spring3  de- 
scribed the  preparation  of  "optically  empty"  water  by  two 
different  methods,  while  Tyndall  described  the  preparation 
of  optically  empty  air  by  filtration  through  cotton-wool. 
Lobry  de  Bruyn  and  Wolff4  confirmed  Spring's  work,  pre- 
paring dilute  solutions  of  sodium  chloride  and  other  salts, 
which  they  said  scattered  no  light.  They  found,  however, 
that  solutions  of  saccharose,  raffinose  and  phosphomolybdic 
acid  could  not  be  made  optically  empty  by  the  methods  used. 
"Nous  croyons  pouvoir  tirer  de  nos  recherches  la  conclusion, 
qu'il  faut  repondre  affirmativement  a  la  question  posee  comme 
titre  de  cette  communication,  et  que  par  consequent  les  solu- 
tions 'veritables'  de  substances  a  poids  moleculaire  eleve" 
sont  susceptibles  de  provoquer  la  diffraction  de  la  lumidre. 
Ce  resultat  indique  done  la  continuite  entre  les  solutions 
vraies  et  les  pseudo-solutions." 

Several  years  ago,  when  some  experiments  on  the  be- 

1  Comptes  rendus,  69,  1294  (1869). 

2  Ibid.,  69,  1192  (1869). 

3  Rec.  Trav.  chim.  Pays.-Bas.,  18,  153,  233  (1899).     See  also  19,  24,  25,  29. 

4  Ibid.,  23,  155  (1904). 
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havior  of  solutions  of  partially  miscible  liquids  at  the  satura- 
tion point  were  being  carried  out  in  this  laboratory  by  W.  J. 
Fawcett,1  it  was  suggested  that  the  reason  for  the  difficulty 
in  supersaturating  such  solutions  was  that  dust  particles 
served  as  nuclei  for  the  formation  of  the  second  phase.  The 
author  of  the  present  paper,  in  the  winter  of  1912-13,  attempted 
to  remove  the  dust  from  liquids  by  Spring's,  method,  but 
found  it  impossible  to  obtain  optically  empty  liquids  either 
by  this  or  by  other  methods,  and  came  to  the  following  con- 
clusion:2 

"The  general  result  was  that  the  light  beam  in  water  and 
in  aqueous  alcohol — the  two  liquids  most  thoroughly  in- 
vestigated— consists  of  two  parts;  a  part  which  is  removed 
by  each  of  the  methods  of  purification  and  a  part  which  is  not 
removed  by  any  of  the  methods  and  which  is  constant  in  in- 
tensity irrespective  of  the  method  j}f  purification  used.  This 
permanent  part  is  faint  and  is  plane-polarized,  and  can  be 
seen  only  if  the  room  is  dark,  the  light  beam  very  intense, 
and  the  vessel  clean  and  free  from  striae." 

As  far  as  I  am  aware,  this  is  the  first  conclusive  evidence 
for  the  scattering  of  light  by  pure  liquids — or  indeed  by  solids 
and  gases.  This  paper  was  presented  at  the  meeting  of  the 
Royal  Society  of  Canada  in  May,  1913.  Almost  at  the  same 
time  L,e  Blanc  and  Kangro,  in  a  preliminary  communica- 
tion,3 presented  to  the  Deutsche  Bunsen-Gesellschaft  in 
August,  1913,  and  elaborated  later4  describe  their  attempts 
to  repeat  Spring's  preparation  of  optically  empty  liquids. 
They  found  they  could  still  see  the  light  cone  if  all  foreign 
light  was  excluded;  that  strong  solutions  scattered  .more 
light  than  weak;  and  that  solutions  of  colloids  scattered  more 
light  than  solutions  of  crystalloids.  Finally  they  described 
an  elaborate  method  of  distillation,  which,  however,  did  not 


1  Proc.  Roy.  Soc.  Canada,  7,  III,  219  (1913); 

2  The  Tyndall  effect  in  liquids.     Proc.  Roy.  Soc.  Canada,  7,  III,  219 
(1913);  Chem.  Abs.,  8,  3739  (1914). 

3  Zeit.  Elektrochemie,  19,  794  (1913). 

4  Zeit.  phys.  Chem.,  87,  257  (1914). 
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give  optically  empty  water.  The  authors  were  nevertheless 
unwilling  to  grant  that  the  dust-free  liquids  might  scatter 
light.  "To  attribute  the  scattering  to  the  dissolved  salt 
molecules  is  a  belief  for  which  no  chemist  or  physicist  is  ready. 
It  is  much  less  far-fetched  and  more  plausible  to  ascribe  the 
scattering  to  fine  suspended  particles  *  *  *  * 

In  1915  Cabannes1  observed  the  scattering  of  light  in 
dust-free  air,  and  a  short  time  later  R.  J.  Strutt2  carried  out 
some  experiments — the  results  of  which  are  discussed  laier 
in  this  paper — in  which  he  measured  the  relative  intensity 
and  the  polarization  of  the  light  scattered  by  a  number  of 
gases. 

The  conception  that  dust-free  liquids  and  gases  scatter 
light  is  one  which  seems  to  have  been  gradually  forced  on  the 
experimenters  more  or  less  against  their  will,  largely  because 
Tyndall  and  Spring,  by  their  classical  researches  on  the  re- 
moval of  dust  particles,  had  left  such  a  strong  impression 
that  the  scattered  light  was  entirely  due  to  this  dust. 

The  very  noticeable  light  scattered  by  many  organic  liquids 
(see  p.  487)  was  observed  by  Lobry  de  Bruyn,  who,  however, 
called  it  fluorescence,3  apparently  because  he  noted  that  a 
picric  acid  filter  cut  off  the  light.  In  this  conclusion  he  ap- 
pears to  have  disregarded  the  fact,  experimentally  shown  by 
Tyndall,  that  very  small  particles  scatter  to  an  appreciable 
extent  only  the  short  wave  lengths  of  light.  Spring,4  too,  ob- 
served that  the  cyclic  organic  compounds  showed  this  faint 
blue  "fluorescence"  to  a  much  greater  extent  than  did  ali- 
phatic compounds.  There  can  be  no  doubt  that  these  two 
men,  and  probably  many  others,  have  observed  the  scatter- 
ing of  light;  but,  lacking  any  strict  definition  of  fluorescence, 
they  failed  to  distinguish  between  the  two  phenomena. 

The  work  begun  in  1912-13  by  the  author,  was  interrupted 


1  Comptes  rendus,  160,  62  (1915);  see  also  168,  340  (1919). 
•  Proc.  Roy.  Soc.,  94A,  453  (1918);  QsA,  155,  476  (1919);  Nature,  104,  412 
(1919)- 

3  Rec.  Trav.  chim.  Pays.-Bas,  23,  163  (1904). 

4  Ibid.,  1 6,  i  (1897). 
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at  that  time  to  be  taken  up  again  recently.  In  view  of  the  in- 
creased interest  attached  to  the  early  results  by  reason  of  the 
later  developments  in  the  study  of  light-scattering,  it  is  thought 
best  to  include  in  the  present  paper  a  more  complete  account 
of  some  of  the  results  then  obtained. 

2.  Preparation  of  Dust-Free  Liquids 

Three  methods  for  removing  the  suspended  motes  were 
used:  distillation,  envelopment,  and  cataphoresis. 

A.  Distillation  of  Water. — The  method  of  distillation  in 
vacuum  with  the  special  form  of  apparatus  (Fig.  i)  was  found 


Fig.  i 

to  be  much  more  convenient  and  more  generally  applicable 
than  the  other  methods,  and  later  was  used  entirely  for  the 
removal  of  motes  from  liquids  of  various  kinds.  Ordinary 
distillation  of  water  in  air  or  even  in  vacuum  with  boiling  re- 
moves very  few  of  the  motes.  With  the  apparatus  shown 
the  distillation  can  be  conducted  at  a  temperature  far  below 
the  boiling  point  of  the  liquid  and  without  ebullition. 

Sufficient  water  is  put  into  the  bulbs  to  more  than  half 
fill  each  of  them.  By  heating  or  by  the  use  of  an  air  pump 
the  liquid  in  the  bulbs  is  boiled  until  about  one-third  has 
been  evaporated,  after  which  the  apparatus  is  sealed  off  at  C, 
care  being  taken  that  no  air  is  left  in  the  bulbs.  By  keeping 
the  bulb  A  10°  warmer  than  B  a  distillation  without  boiling 
is  effected  in  a  few  hours.  The  first  distillates  are  shaken 
back  from  B  to  A  so  as  to  wash  back  the  dust.  In  most  cases 
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the  motes  were  all  removed  after  four  distillations.  The  tube 
T  serves  as  a  reflux  condenser  in  which  there  is  continuous 
condensation  of  the  liquid.  After  distillation  is  completed 
the  bulb  B  is  sealed  off  at  D. 

After  the  fourth  distillation  of  water  there  remain  no 
motes,  but  still  there  is  visible  a  light  cone  or  opalescence. 
It  is  a  bluish  haze,  faint  but  very  definite,  and  repeated  dis- 
tillations up  to  ten  times  do  not  lessen  its  intensity.  Dis- 
tillations with  the  bulb  A  at  100°  and  B  at  90°,  and  again 
with  A  at  20°  and  B  at  o°  give  distillates  with  the  same  opal- 
escence.1 

Fractional  Distillation 

By  using  an  apparatus  consisting  of  four  bulbs  of  de- 
creasing size  all  connected  and  sealed  off  with  vacuum,  and 
by  properly  adjusting  the  temperatures  of  the  various  bulbs 
some  water  was  fractionated  three  times,  but  no  difference 
whatever  between  any  of  the  fractions  could  be  observed. 

Distillation  in  Quartz 

Since  glass  is  measurably  soluble  in  water,  it  was  thought 
possible  that  the  light  was  scattered  by  some  siliceous  suspen- 
sion from  the  walls  of  the  vessels.  If  so  it  seemed  unlikely 
that  quartz  and  soft  glass  would  give  rise  to  the  same  amount 
of  light  scattering.  When  a  pair  of  quartz  bulbs  (Fig.  i) 
was  used,  the  distillate  showed  the  same  amount  of  light- 
scattering  as  in  the  glass  bulbs.  The  apparatus  afterwards 
constructed  to  measure  quantitatively  the  light-scattering 
showed  this  to  be  true  within  the  limits  of  experimental  error. 
The  error  was,  however,  larger  here  than  for  other  measure- 
ments, since  the  quartz  had  air  inclusions  which  reflected  a 
good  deal  of  light  and  made  it  difficult  to  get  consistent  re- 
sults. 


1  In  these  experiments  as  in  all  tho^e  de •  cribc-d  in  my  former  paper,  the 
intensity  of  the  light-scattering  by  different  liquids  was  judged  by  passing  the 
same  beam  of  light  alternately  through  the  two  bulbs  held  side  by  side.  The 
quantitative  method  used  in  Fecticn  3  of  this  paper  had  at  that  time  not  been 
developed. 
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After  the  measurements  had  been  taken  the  40  cc  of  water 
in  the  quartz  bulb  B  was  distilled  back  again  to  A  so  that 
any  dissolved  quartz  might  collect  where  the  last  drop  evap- 
orated. It  proved  impossible  to  find  any  residue  even  with 
a  microscope,  although  one  drop  of  distilled  water  evaporated 
on  glass  leaves  a  residue  visible  to  the  naked  eye.  The  only 
evidence  that  there  was  any  residue  in  the  quartz  bulb  was 
the  fact  that,  when  condensation  first  occurred  on  the  dry 
bulb,  a  ring  formation  of  droplets  was  seen  at  the  place  where 
the  last  drop  of  water  had  evaporated.  The  solubility  of 
quartz  must  then  be  negligible  compared  to  the  solubility 
of  glass,  and  it  seems,  therefore,  certain  that  the  scattered 
light  can  not  be  attributed  to  any  suspended  siliceous  ma- 
terial from  the  glass. 

B.  Envelopment. — Using  Spring's  method,  gelatinous  pre- 
cipitates of  aluminium,  cadmium,  and  zinc  hydroxides  were 
precipitated  from  dilute  solutions  of  their  sulphates  by  addi- 
tion of  slight  excess  of  potash.     Solutions  were  prepared  of 

Aluminium  sulphate,  7  g.  per  litre 

Zinc  sulphate,  20  g.  per  litre 

Cadmium  sulphate,  5  g.  per  litre 

These  were  precipitated  in  each  case  in  corked  Erlenmeyer 
flasks  by  slight  excess  of  potash,  shaken  and  left  to  settle 
for  a  week.  The  resulting  liquids  in  a  condensed  beam  of 
light  were  found  to  be  free  from  motes,  but  in  every  case  the 
blue  opalescence  remained  equal  to  that  of  pure  water. 

C.  Cataphoresis  of  Water. — The  apparatus  consisted  of 
a  glass,  bulb  with  two  side  tubes  containing  platinum  elec- 
trodes  separated   from   the   bulb   by   parchment   partitions. 
The  whole  was  filled  with  distilled  water  and  a  potential  of 
no   volts   was   maintained   over   the   terminals   for   several 
weeks. 

Experiments  showed  that  in  five  days  the  motes  were  all 
removed  and  that  the  opalescence  was  then  the  same  as  that 
of  the  best  water  obtained  by  distillation  in  vacuum.  Two 
months  additional  cataphoresis  made  no  further  reduction 
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in  the  opalescence.  That  the  dust  had  not  settled  from  long 
standing  alone  was  shown  by  comparing  with  a  similar  bulb 
of  water  left  standing  for  the  same  time  undisturbed. 

It  seemed,  therefore,  certain  that  the  light-scattering  ob- 
served in  water  and  other  distilled  liquids  was  not  caused 
by  foreign  particles,  but  was  a  property  of  the  liquids  them- 
selves, and  quantitative  measurements  of  its  intensity,  were 
therefore,  undertaken. 

3.  Measurement  of  the  Scattered  Light 

A.  Preparation  of  the  Liquids. — All  the  liquids  investi- 
gated, ranging  in  boiling  points  from  — 10°  (sulphur  dioxide) 
to  250°  (monochloronaphthalene)  were  freed  from  motes  by 
the  method  of  distillation  in  vacuum  described  above.     No 
special  precautions  were  taken  to  free  the  liquids  of  dissolved 
volatile  impurities,  as  is  proved  later  (see  page  487)  that  in 
general  liquids  with  high  light-scattering  power,  with  the  possi- 
ble exception  of  carbon  bisulphide,  have  high  formula  weights 
and  proportionately  high  boiling  points.     Consequently  these 
could  not  be  present  in  large  amounts  in  the  distillate  unless 
the  latter  were  itself  a  high-boiling  liquid,  and  in   this   case 
its  light-scattering  power  would  be  but  slightly  affected  by 
the  presence  of  impurities. 

Kahlbaum's  chemicals  were  used  in  all  cases  except  methyl 
alcohol  and  benzene,  which  were  Baker's  C.  P.,  chloronaph- 
thalene  which  was  Eastman's,  and  sulphur  dioxide  which  was 
the  commercial  article  from  a  steel  cylinder. 

Before  sealing  off  the  distillation  apparatus  about  one- 
third  of  the  liquid  was  allowed  to  boil  away,  and  after  the 
distillation  about  one-third  of  the  liquid  remained  in  the  large 
bulb ;  so  that  the  distillation  was  a  fractional  one  in  which  the 
middle  fraction  alone  was  used. 

B.  Apparatus  for  Measuring  the  Intensity  of  the  Light- 
scattering.— A  parallel  beam  of  light  from  a  carbon  arc  (about 
60  V,   12  A)  passed  through  a  narrow  horizontal  slit  S  and 
was  focused  by  a  lens  L  in  the  middle  of  the  bulb  B  of  the 
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liquid  to  be  studied;  then,  after  traversing,  a  cell  C  of  am- 
moniacal  copper  sulphate  solution  to  make  its  color  compara- 
ble with  that  of  the  scattered  light,  it  fell  on  a  piece  of  white 
paper  at  the  back  of  the  box.  A  quinine  sulphate  filter  Q 
was  used  to  prevent  any  possible  fluorescence,  although  it 
made  no  noticeable  difference.  A  small  section  (about  i  cm) 
of  the  beam  of  light  passing  through  the  liquid  was  observed 


Fig.  2 


through  T,  and  appeared  as  an  oblong  of  light  about  i .  5 
mm  wide.  It  was  found  that  the  lens  L  made^this  oblong 
brighter  and  its  edges  more  definite.  The  image  of  the  slit 
R,  illuminated  by  light  from  the  paper  P,  was  reflected  in 
the  mirror  M  and  was  seen  in  focus  beside  the  oblong  of  light. 
The  whole  box  and  its  contents  except  the  bulb  of  liquid 
were  painted  dead  black,  and  the  tube  T  was  stopped  down 
with  several  black  diaphragms  to  prevent  reflection  from  its 
sides. 
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By  means  of  an  optical  wedge  O  of  transmission  i  to  i/io 
calibrated  with  an  accuracy  of  about  one  percent,  and  supple- 
mented by  a  number  of  uniformly  fogged  photographic  plates 
of  a  transmission  measured  photometrically  to  the  same  ac- 
curacy, the  light  from  the  back  of  the  box  was  matched  with 
the  scattered  light  from  the  bulb.  In  this  way  a  comparison 
of  the  intensity  of  the  light  scattered  by  the  various  liquids 
was  obtained.  For  measuring  the  extent  of  the  polariza- 
tion a  Nicol  was  placed  at  N  and  readings  of  the  intensity 
were  taken  with  the  Nicol  in  two  positions  at  right  angles 
to  one  another.  A  very  little  light  was  reflected  from  the 
glass  bulbs  containing  the  liquids,  but  not  enough  to  seriously 
interfere  with  the  measurements. 

C.  The  Relative  Intensity  of  the  Scattered  Light. — The  fol- 
lowing results  are  calculated  from  the  averages  of  a  great 
many  readings,  generally  18  or  24,  made  in  sets  of  6,  each 
set  made  on  a  different  occasion  and  with  new  adjustments. 
Very  few  results  calculated  from  individual  measurements 
differed  by  more  than  10  percent  from  the  average  result  thus 
obtained.  A  typical  set  of  scale  readings,  in  which  a  de- 
crease of  i  in  the  scale  reading  corresponds  to  an  increase  in 
the  light-scattering  power  by  a  factor  i  .176,  is  as  follows: 

Heptane— 13.3/12.5,  13.8,  13.6,  13.4,  13.3.  Average, 
13-3- 

The  relative  intensities  of  the  scattered  light  (toluene  = 
i)  calculated  from  three  such  sets  of  readings  as  the  above 
are  as  follows: 

Heptane — 0.390,  0.384,  O.348.1     Average,  0.374. 

Table  of  the  relative  intensities  of  the  light  scattered  by 
different  liquids: 


1  The  agreement  between  the  individual  measurements  would  warrant 
the  expectation  of  a  much  better  agreement  between  the  results  calculated 
from  the  averages  of  the  sets  of  6  measurements.  The  variation  in  these  results 
was  found  to  be  largely  attributable  to  the  variation  in  the  illuminated  area  at 
the  back  of  the  box,  caused  by  the  slight  difference  in  size  and  shape  of  the  bulbs. 
It  would  probably  be  better  to  use  parallel  light  and  vessels  with  plane  sides. 
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Liquid 

Formula 
weight 

Relative  intensity 
of  scattered  light 
(toluene  =  i) 

R  liquid1 

R  toluene 

Inorganic  Compounds: 

Water 

18 

0.060 

0.074 

Sulphur  dioxide 

64 

0.400 

0.276 

Aliphatic  Compounds: 

Methyl  alcohol 

32 

o.  1  60 

0.  162 

Ethyl  alcohol 

46 

o.  1  80 

0.279 

Ether 

74 

0.236 

0.467 

Ethyl  acetate 

88 

O.2IO 

0.488 

Isobutyl  chloride 

93 

0-375 

Heptane  (mixture  of  hep- 

tanes) 

IOO 

0-374 

Isobutyl  butyrate 

144 

0.320 

Aromatic  Compounds: 

Benzene 

78 

O.QI 

0.864 

Toluene 

92 

I  .OO 

1.  00 

Chlorobenzene 

112 

1-52 

1  .09 

Ethyl   benzoate 

150 

i-55 

i-39 

Chloronaphthalene    (alpha) 

162 

4-30 

2.  19 

It  is  evident  from  the  above  results  that  there  is  a  rela- 
tion between  the  formula  weight  and  class  of  substance  on 
the  one  hand,  and  the  intensity  of  the  scattered  light  on  the 
other  hand: 

(1)  Aliphatic  compounds  scatter  relatively  little  light; 
Benzene  and  its  derivatives   scatter  decidedly  more  light; 
Chloronaphthalene,  a  compound  with  two  benzene  rings  in  its 
formula,  scatters  light  to  a  still  greater  extent. 

(2)  The  intensity  of  the  scattered  light  with  certain  ex- 
ceptions increases  with  increasing  formula   weight   for  the 
same  class  of  compounds. 

A  great  many  physical  properties,  of  course,  bear  some 
relation  to  the  formula  weight  and  chemical  formula  of  the 
compound.  For  example  the  refractive  index  is  found  to 
be  considerably  greater  for  benzene  and  its  derivatives  than 
for  aliphatic  compounds,  and  greater  still  for  naphthalene 
and  its  derivatives. 


1  See  page  488  for  meaning  of  R  liquid. 
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Lord  Rayleigh,  before  any  experiments  on  light-scattering 
by  dust-free  gases  and  liquids  had  been  made,  formulated  a 
relation  between  the  index  of  refraction  of  the  medium  and 
the  light-scattering  caused  by  particles  in  the  medium.  Ac- 
cording to  his  equation1  the  intensity  of  the  scattered  light 
for  different  media  and  for  any  given  wave  length  of  light  is 

(  \  2  ' 

proportional   to  -  ,  where  ju  is  .the  index  of  refraction 

and  n  the  number  of  scattering  particles  per  unit  volume. 
This  relation  was  deduced  to  apply  to  the  light-scattering  by 
any  suspension  of  spherical  particles  of  dimensions  small 
compared  to  the  wave-length  of  light.  Its  application  to  dust- 
free  media  would  rest  on  the  assumptions  that  the  media 
are  "discontinuous"  and  that  there  are  present  .in  the  media 
secondary  and  spherical  sources  of  light. 

R.  J.  Strutt2  has  shown  that,  within  the  limits  of  his  ex- 
perimental error,  the  relation  given  above,  where 

Density 
Formula  weight* 

held  true  for  the  gases  investigated. 

In  the  case  of  liquids,  by  giving  n3  the  same  meaning,  the 

/  \  2 

relative  values  of   (R  liquid  =  )  have    been    listed 

in  the  above  table  for  the  various  liquids,  the  value  R  toluene 
being  taken  as  unity.  It  appears  from  the  table  that,  although 
the  relation  does  not  hold  so  well  for  liquids  as  for  gases, 
there  is,  nevertheless,  some  agreement  between  the  observed 
and  calculated  values. 

D.  The  Polarization  of  the  Scattered  Light. — Readings  of 
the  intensity  were  taken  with  the  Nicol  in  two  positions  at 
right  angles  to  one  another.  It  was  found  that  in  every 
case  the  vibrations  of  the  scattered  light  were  transverse  to 
the  direction  of  the  exciting  beam.  The  results  are  given  in 

1  Phil.  Mag.,  47,  375  (1899);  Collected  Works,  Vol.  4,  397,  Equation  14. 

2  Proc.  Roy.  Soc.,95A,    155  (1919). 

3  In  assigning  a  value  to  n  the  ordinary  formula  weight  derived  from  the 
formula  has  been  used.     There  is  no  generally  accepted  way  of  denning  the 
formula  weight  of  a  pure  liquid. 


Scattering  of  Light  by  Dust-Free  Liquids 


489 


Column  I  of  the  following  table.    ^Column  II  gives  the  values 
obtained  by  R.  J.  Strutt  for  the  corresponding  gases: 


Liquid 

I 

Intensity  in  plane  of  pol'n  X  TOO 

II 
Results  for 
the  gaseous 
phase 
(R.  J.  Strutt) 

Intensity  in  plane  at  right  angles 

Inorganic  Compounds: 

Water 

6.7 

Sulphur  dioxide 

22  .O 

Aliphatic  Compounds: 

Methyl  alcohol 

7.0 

Ethyl  alcohol 

7-i 

Ether 

9-3 

1-7 

Ethyl  acetate 

22.8 

Isobutyl  chloride 

18.0 

Heptane 

13-4 

Isobutyl  butyrate 

17-3 

Aromatic  Compounds: 

Benzene 

54- 

6.0 

Toluene 

54 

Chlorobenzene 

52 

Ethyl  benzoate 

55 

Chloronaphthalene 

(alpha) 

78 

Carbon  bisulphide1 

70 

12.  O 

Colloidal  silica  solution 

0.25 

It  appears  from  the  above  results: 

(i)  That  for  those  substances  which  scatter  very  little 
light,  the  polarization  is  fairly  complete ;  and  that  the  polariza- 
tion decreases  as  the  light-scattering  power  increases. 

1  Experiments  on  carbon  bisulphide  and  solutions  of  carbon  bisulphide 
and  methyl  alcohol  of  various  strengths  gave  results  which  seemed  unreliable 
on  account  of  the  evident  discoloration  of  the  carbon  bisulphide  in  the  light. 
They  seemed  to  indicate,  however,  that  carbon*  bisulphide,  a  liquid  with  an  ex- 
tremely high  refractive  index,  scatters  a  great  deal  of  light  which  is  but  slightly 
polarized.  On  the  other  hand,  alcoholic  solutions  of  carbon  bisulphide  scat- 
tered about  the  amount  of  light  one  would  expect  from  their  dilution,  but  the 
scattered  light  was,  contrary  to  expectation,  very  largely  polarized  and  the 
amount  of  polarization  increased  with  the  dilution. 
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(2)  That  the   scattered  light  is  much  less   completely 
polarized  by  the  liquid  than  by  the  corresponding  gas.     (It 
is  noteworthy,   however,   that  where    data    for  both  liquid 
and  gaseous  form  are  at  hand — namely,  for  benzene,  ether 
and  carbon  bisulphide — the  order  of  these  three  substances 
when  arranged  according  to  their  polarization  is  the  same 
for  both  phases.) 

(3)  That  the  light  scattered  by  any  of  the  liquids  studied 
is  very  much  less  completely  polarized  than  that  scattered 
by  a  colloidal  silica  solution. 

E.  May  the  Phenomenon  be  Called  Fluorescence? — The 
light  scattered  by  all  liquids  is  sky-blue  in  color  when  the 
light  of  the  carbon  arc  is  the  exciting  source.  This  means 
that  the  shorter  wave  lengths  of  light  are  scattered  to  a 
much  greater  extent  than  the  long  (according  to  Lord  Ray- 
leigh's  relation1  the  light  scattering  varies  inversely  as  the 
fourth  power  of  the  wave  length). 

The  scattered  light  was  too  faint  to  observe  visually 
with  a  spectroscope,  but  by  the  help  of  some  Wratten  mono- 
chromatic light  filters,  which  excluded  all  the  exciting  light 
except  a  narrow  band  of  the  spectrum,  the  following  results 
were  obtained  for  all  the  liquids  tried: 

(1)  Exciting  light  of  any  color  in  the  visible  spectrum, 
from  faintest  violet  to  the  beginning  of  the  yellow,  was  scat- 
tered ;  with  exciting  light  of  wave  length  longer  than  yellow 
no  scattering  could  be  observed. 

(2)  The  scattered  light  always  had  the  same  color  as 
the  exciting  light  whatever  the  color  of  the  latter. 

(3)  A  quinine  sulphate  cell  in  the  path  of  the  exciting 
light  did  not  noticeably  change  the  intensity  nor  the  polariza- 
tion of  the  scattered  light. 

Previous  work  by  R.  J.  Strutt  showed  that  for  gases  and 
for  the  one  liquid  investigated — ether  containing  dissolved 
water — the  scattered  light  has  the  same  spectrum  as  the  excit- 
ing light. 

1  Phil.  Mag.,  47,  375  (1899);  Collected  Works,  Vol.  4,  397. 
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From  the  information  at  hand  it  would  appear,  there- 
fore, that  taking  the  generally  accepted  criterion  of  fluor- 
escence as  being  alteration  in  wave  length,  the  light  emitted 
by  the  liquids  studied — which  has  been  sometimes  looked  upon 
as  fluorescent — is  really  scattered  light.  The  author  con- 
templates the  spectroscopic  examination  of  the  emitted  light 
to  obtain  further  data  for  the  various  liquids.1 

Many  esters  and  other  high-boiling  compounds  showed 
before  purification  a  distinct  blue-green  fluorescence.  This 
was  removed  by  vacuum  distillation  in  the  case  of  ethyl 
benzoate,  the  only  one  studied,  and  must,  therefore,  have  been 
due  to  some  impurity. 

F.  The  Effect  of  Change  of  Temperature. — Measurements 
of  the  light  scattered  by  water  and  toluene  were  made  at 
20°  and  again  at  60°,  but  the  variation  in  the  intensity  of 
the  scattered  light,  if  any,  was  within  the  experimental  error 
of  the  readings.2 

Summary. 

(1)  A  method  of  preparing  dust-free  liquids  by  simple 
distillation  in  a  vacuum  is  described. 

(2)  Liquids  were  found  to  scatter  light;  the   short  wave 
lengths  being  scattered  to  a  much  greater  extent  than  the 
long. 

(3)  A  relation,  formulated  by  Lord  Rayleigh  and  veri- 
fied in  the  case  of  gases  by  R.  J.  Strutt,  connecting  the  index 

1  Since  this  paper  was  sent  in  a  photograph  of  the  spectrum  of  the  light 
scattered  by  chloronaphthalene  has  been  taken  and  shows  only  the  line  spectrum 
of  the  glass  mercury  lamp  used  as  the  source  of  light.     There  is  no  sign  of  con- 
tinuous spectrum.     Since  moreover  chloronaphthalene  is  the  liquid  which  one 
would  most  suspect  from  its  formula  of  showing  fluorescence  there  can  be  no 
doubt  that  the  phenomenon  observed  is  true  scattering. 

2  Since  the  intensity  of  the  light-scattering  was  found  to  vary  approxi- 

U  —  i)2 
mately  as  ,  any  considerable  change  in  light-scattering  with  tempera- 

n  • 

ture  would  necessitate  a  change  in  n  and,  therefore,  in  the  formula  weight.  Ram- 
say and  Shields'  surface  tension  measurements  on  a  great  many  liquids  (Zeit. 
phys.  Chem.,  12,  433  (1893))  led  them  to  postulate  for  many  liquids  a  formula 
weight  which  was  independent  of  temperature,  and  for  a  few  liquids — one  of 
which  was  water — a  formula  weight  which  varied  greatly  with  temperature. 
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of  refraction  of  the  medium  and  its  light-scattering  power, 
showed  some  agreement  in  the  case  of  the  liquids  investigated. 

(4)  The  scattered  light  is  largely  plane-polarized  in  the 
case  of  liquids  which  scatter  very  little  light;  and  the  polariza- 
tion in  different  liquids  decreases  as  the  relative  intensity  of 
the  scattered  light  increases.     The  polarization  is  much  less 
complete  for  liquids  than  for  gases. 

(5)  Evidence  is  given  that  the  phenomena  observed  are 
due  to  scattering  and  not  to  fluorescence. 

This  research  was  begun  at  the  suggestion  of  Professor 
F.  B.  Kenrick,  and  has  been  carried  out  under  his  direction. 

Chemical  Laboratory, 
University  of  Toronto, 
April,  1920 


THE  SCATTERING  OF  LIGHT  BY  DUST-FREE 
LIQUIDS.  II 


BY  W.   H.   MARTIN  AND  S.   LEHRMAN 

1.    Modifications  in  the  Method 

Measurements  of  the  light  scattered  by  dust-free  liquids 
were  previously1  made  in  round  bulbs.  Such  bulbs  had  a 
considerable  disadvantage  in  that  they  acted  as  lenses,  the 
power  of  which  varied  with  the  contained  liquid;  so  that  the 
exciting  beam  of  light  was  converged  to  a  different  degree  by 
the  various  liquids.  This  difficulty  was  mentioned  in  the 
former  paper,  but  it  is  only  since  then  that  a  method  has  been 
found  to  overcome  it. 

Gibson  and  Argo2  have  described  a  method  of  sealing  a 
flat  glass  plate  into  a  round  glass  tube,  with  no  distortion  of 
the  plate  save  at  the  edges.     Following  the  directions  given 
in  their  paper,  it  was  possible 
after  practice   to   seal   a  flat 
plate  cut  from  a  microscope 
slide  into  a  lead  glass  tube.    A 
cross-shaped  container  (Fig.  1) 
with  arms  about  1.5  cm  diam- 
eter was     thus     constructed, 
which  replaced  the  round  bulb 
formerly  used.      Such  a  con- 
tainer  had    a    small    volume 
(about  20  cc)  and  when  painted  Fig.  1 

black  on  the  outside  permitted 
very  little  "parasite"  light  to  reach  the  observer's  eye. 

The  crosses  were  kept  hot  with  a  soft  Bunsen  flame 
till  all  four  ends  had  been  sealed  in ;  then  annealed  for  two 


1  Jour.   Phys.   Chetn.,   24,  478   (1920). 

2  Jour.  Am.  Chem.  Soc.,  40,  1327  (1918).     See  also  Jour.  Opt.  Soc.  Amer., 
4,  496  (1920),  and  Trans.  Faraday  Soc.,  12,  305  (1916). 
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hours  at  475°  in  an  electric  oven  and  cooled  overnight  to 
room  temperature.  Occasionally  after  completion  and  with- 
out apparent  cause  a  plate  would  crack.  Always  sudden 
change  of  temperature,  and  often  even  gradual  change  of 
temperature  cracked  a  plate.  However  a  dozen  or  more  such 
crosses  have  been  successfully  made  and  used. 

It  proved  more  difficult  to  make  the  crosses  from  soda- 
glass  tubing.  One  soda-glass  cross  was  successfully  made, 
but  one  of  its  plates  cracked  after  having  been  made  for  ten 
days.  Evidently  the  glass  of  which  the  plates  were  made  had 
a  somewhat  different  coefficient  of  expansion  from  that  of  the 
tubing.  Various  annealing  temperatures  up  to  that  at  which 
the  glass  distorted  did  not  overcome  the  difficulty. 

Finally  it  was  found  that  the  crosses  could  be  made  quite 
easily  from  pyrex  plates  and  tubing.  The  plates  were  made 
from  the  bottom  of  a  pie-plate  of  pyrex  oven- ware,  ground  to 
the  required  thickness  of  about  2  mm  and  polished  by  an 
optical  company.  It  proved  to  be  very  easy  to  make  the 
seals  from  such  plates,  even  with  no  special  annealing.  The 
apparatus  not  only  had  great  mechanical  strength,  but  such 
sudden  changes  of  temperature  as  plunging  into  liquid  air 
or  boiling  water  did  no  harm.  The  seals,  when  made  with  a 
dentist's  blow-pipe  burning  gas  with  air.  were  quite  vacuum- 
tight.  The  use  of  pyrex  glass  evidently  solves  all  difficulties 
in  the  making  of  such  a  seal. 

The  liquids  were  rendered  free  of  dust  by  the  method  of 
distillation  described  in  the  former  paper  (Fig.  1).  Only 
slight  modifications  were  made  in  the  apparatus  for  measuring 
the  light-scattering.  A  "Pointolite"  tungsten-arc  lamp  proved 
to  be  a  very  satisfactory  point  source  and  replaced  the  trouble- 
some carbon  arc.  The  piece  of  paper  which  served  as  a  com- 
parison field  for  the  scattered  light  was  illuminated  from  be- 
hind by  light  from  the  same  source  reflected  by  a  series  of 
mirrors.  The  exciting  beam  of  light  passing  through  the 
cross  was  wider  than  before,  and  the  scattered  light  was 
observed  through  a  slit  about  0.5  cm  wide. 
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2.    Measurement  of  the  Relative  Intensity  and  Polariza- 
tion of  the  Scattered  Light 

The  liquids  used  were  Kahlbaum's  and  Baker's  C.  P. 
These  were  fractionated  once  and  the  boiling  points  of  the 
fractions  used  are  given.  Benzene  has  been  chosen  as  the 
standard  for  comparison.  Kahlbaum's  gold-label  benzene 
for  molecular  weight  determinations,  and  Baker's  C.  P.  ben- 
zene showed,  within  the  experimental  error,  the  same  intensity 
of  scattered  light.  The  result  was  also  the  same  whether 
the  distillation  was  carried  out  in  lead  or  in  soda-glass.  This 
did  not,  however,  prove  to  be  true  for  all  liquids.  It  was 
found  that  water,  when  distilled  in  lead  glass,  scattered  about 
50  percent  more  light,  methyl  alcohol  about  100  percent  more 
light,  and  ethyl  alcohol  15  percent  more  light,  than  when 
distilled  in  soda-glass.  Ether,  propyl  alcohol  and  benzene 
were  unaffected  by  the  glass,  so  it  was  taken  for  granted  that 
this  would  also  be  true  for  the  higher  alcohols  and  the  higher 
members  of  the  benzene  series. 

Samples  of  water  distilled  in  soda-glass  and  in  pyrex 
glass — the  solubility  of  which  is  much  less  than  that  of  soda- 
glass,  and  indeed  even  less  than  that  of  Jena  utensil  glass1 — 
showed  the  same  amount  of  light-scattering.  In  the  previous 
paper  it  has  been  shown  that,  whether  the  distillation  be  carried 
out  in  soda-glass  or  in  fused  quartz,  the  result  is  the  same. 
The  explanation  of  the  surprising  effect  of  lead-glass  is  no  doubt 
to  be  found  in  the  comparatively  greater  solubility  of  this 
glass  (about  10  to  15  times  greater  than  that  of  soda-glass2). 

In  Table  I,  Columns  1  and  3,  are  the  results  of  the 
measurements  of  relative  intensity  and  polarization  of  the 
scattered  light  for  a  few  members  of  the  benzene  series,  a  few 
alcohols,  and  water.  Similar  measurements  for  some  other 
pure  liquids  are  given  in  the  section  on  solutions. 

The  results  do  not  differ  markedly  from  those  given  in 
our  previous  paper.  The  averages  of  various  sets  of  readings 

1  Jour.  Ind.  Eng.  Chem.,  9,  1092  (1917). 

2  Ber.  deutsch.  chem.  Ges.,  24,  3561  (1891). 


78 


W.  H.  Martin  and  S.  Lehrman 


TABLE  I 


Int.  in  plane  of 

Liquid 

B.  P. 

Rel.  int.  sc.  light 
(benzene  =  1) 

(M2-1)2F 

pol'n  X  100 

p 

Int.  in  plane  at 

rt.  angles 

Benzene 

80 

1.00 

1.00 

48.4 

Toluene 

110 

1.14 

1.16 

49.0 

Xylene1 

139.3 

1.26 

1.32 

52.5 

Chlorobenzene 

132 

1.46 

1.29 

53.9 

Methyl  alcohol 

66 

0.191 

0.161 

7.  12 

Ethyl  alcohol 

78 

0.200 

0.289 

7.8 

n-Propyl  alcohol 

97-98 

0.260 

0.429 

8.5 

Isobutyl  alcohol 

107 

0.280 

0.564 

8.5 

Isoamvl  alcohol 

129-130 

0.298 

0.696 

9.0 

Water' 

•  — 

0.068 

0.074 

6.72 

show  greater  uniformity  than  before,  and  seem  to  warrant  a 
probable  error  of  from  3%  for  those  liquids  scattering  most 
light,  to  5%  for  those  scattering  less.  Nothing  of  any  im- 
portance can  be  added  to  the  summary  of  results  made  before. 
Various  formulae  have  been  tried  to  find  one  which  would 
best  fit  the  experimental  results.  The  values  of 

(M-1)2F  .  (M2-1)2F  .    (M2-1)2F 


where  M  is  the  refractive  index,  F  the  formula  weight,  and 
p  the  density  of  the  liquid,  have  been  calculated.     Of  these 

(u2  -  I)2  F 

-  seems  the  best,  and  the  calculated  values  of  this 
p 

expression  for  the  various  liquids  are  listed  in  Table  I,  Column  2. 
Cabannes3  has  proposed  a  modification  of  Rayleigh's 
formula.  His  equation  contains  a  factor  which  is  an  expression 
of  the  extent  of  the  polarization  of  the  scattered  light;  but, 
although  his  formula  fits  the  observed  results  for  gases  even 
better  than  the  original  Rayleigh  formula,  the  same  cannot  be 


1  A  mixture  of  xylenes  for  which  the  refractive  index  and  density  were 
determined. 

2  Taken  from  previously  published  results. 

3  Jour.  Phys.  Rad.,  (6)    1,  129  (1920).     See  also  Ann.  Phys.,  15,  5  (1921). 
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said  for  liquids.  His  modified  formula  is  evidently  unsuitable 
for  liquids,  since  the  maximum  value  of  our  polarization  factor 
(see  Table  I,  Column  3)  compatible  with  the  theory  on  which 
his  formula  is  based  is  50,  whereas  measurements  show  for  such 
liquids  as  carbon  bisulphide  and  chloronaphthalene  a  value 
as  great  as  70. 

3.    Two-component  Solutions 

Using  the  apparatus  shown  in  Fig.  2,1  dust-free  liquids 
were  prepared  in  the  cross  A  and  the  graduated  tube  B  by 
the  method  of  distillation.  The  two  parts  of  the  apparatus 


are  separated  by  a  capillary  seal-in  at  D.  A  ball  of  thin 
glass  at  the  end  of  the  capillary  could  be  subsequently  broken 
by  a  glass  hammer,  H,  held  in  the  side-arm  K  by  a  glass  spring 
in  the  shape  of  a  tuning-fork.  On  jarring  the  apparatus  the 
spring  released  the  hammer,  which  in  turn  broke  the  glass 
ball.  A  measured  volume  of  the  liquid  in  B  could  then  be 


1  It  is  difficult  to  distill  directly  a  liquid  which  has  been  previously  made 
up  to  a  known  composition.  The  more  volatile  component  goes  over  first,  and 
unless  the  liquid  be  completely  distilled  over,  the  composition  of  the  distillate 
in  the  cross  is  unknown.  Separate  distillations,  moreover,  must  be  made  for 
each  composition,  whereas  with  the  apparatus  described  above  as  many  com- 
positions as  desired  may  be  studied  after  one  set  of  distillations. 
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distilled  to  A,  the  volume  of  which  had  previously  been 
determined.  The  bulb  M  allowed  space  for  thorough  mixing. 
Thus  readings  could  be  taken  on  a  series  of  solutions  from  100 
%  A  to  about  50%  A.  To  complete  the  series  a  duplicate 
apparatus  was  made,  with  the  liquids  reversed  in  the  containers. 
During  the  removal  of  the  motes  by  distillation  the  whole 
of  the  side-tubes  were  washed  carefully  with  the  dust-free 
distillate.  Generally  four  distillations  sufficed  to  wash  the 
dust  from  the  walls  of  the  tubes. 

The  results  for  three  pairs  of  liquids  are  given  in  the 
following  tables  and  graphs. 

The  results  are  given  graphically  in  Fig.  3  with  the  ex- 
ception of  the  results  of  the  polarization  for  solutions  of  hexane 
and  cyclohexane,  the  polarizations  of  which  are  so  nearly 
equal,  that  any  deviation  from  the  straight  line  relation  might 
be  attributed  to  experimental  error. 

Components:  Carbon  Bisulphide  and  Ether 


Percent  by    volume 
carbon    bisulphide 

Rel.    int.    sc.    light 
(benzene  =   1) 

Int.  in  plane  of  pol'nXlOO 

Int.  in  plane  at  rt.  angles 

100 

4.55 

71 

71 

4.30 

39.5 

47 

3.43 

30.5 

46.5 

3.60 

31.5 

44.5 

3.17 

32 

21 

1.84 

31.5 

11 

1.25 

30 

0 

0.355 

10 

Components :  Benzene  and  Normal  Hexane 


Percent  by    volume 
benzene 

Rel.  int.  sc.  light 

Int.  in  plane  of  pol'nXlOO 

(benzene  =1) 

Int.  in  plane  at  rt.  angles 

100 

1.00 

48.5 

92 

1.06 

39 

80 

1.19 

33 

61 

1.10 

27 

44 

1.02 

28 

24 

0.77 

27 

10 

0.59 

18 

0 

0.40 

10 
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Percent  by  volume 
hexane 

Rel.  int.  sc.  light 
(benzene  =  1) 

Int.  in  plane  of  pol'nXlOO 

Int.  in  plane  at  rt.  angles 

100 

0.40 

10 

77 

0.46 

9 

53.5 

0.48 

9 

43 

0.455 

10 

33 

0.41 

9 

16 

0.37 

8 

0 

0.31 

8 

The  results  show  that  the  relative  intensity  of  the  scattered 
light  for  these  solutions  is  always  somewhat  greater  than  that 
calculated  on  the  assumption  that  the  scattering  is  an  additive 
property  for  the  two  liquids.  This  seems  to  be  true  even  for 
pairs  of  liquids  such  as  hexane  and  benzene,  and  also  for  hexane 
and  cyclohexane,  which  when  mixed  form  so-called  ideal 
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Solutions  of  Carbon  Bisulphide  and  Ether.     A.  Relative  Scattering. 

B.  Percent  Polarization.  * 

Solutions  of  Benzene  and  Normal  Hexane.     C.    Relative  Scattering. 

D.  Percent  Polarization. 
Solutions    of    Normal    Hexane    and    Cyclohexane.      E.     Relative 

Scattering. 


82  W,  H.  Martin  and  S.  Lehrman 

solutions.  This  is  surprising  in  view  of  the  fact  that  the 
refractive  index  of  such  solutions  is  apparently  an  additive 
property. 

Liquids  which  polarize  the  scattered  light  very  far  from 
completely  show,  on  dilution,  much  more  nearly  complete 
polarization.  In  Fig.  3,  A  and  B,  the  dotted  lines  are  the 
intensity  and  polarization  curves,  calculated  on  the  assump- 
tion that  each  of  the  components  scatters  light  in  exactly  the 
same  way  as  regards  intensity  and  polarization  as  it  does  when 
pure. 

If  the  two  liquids  in  the  solution  are  regarded  as  still 
possessing  their  own  ability  to  scatter  and  polarize  light, 
modified,  however,  by  the  dilution  by  the  other  liquid,  it  is 
interesting  to  note  that  the  general  type  of  the  above  curves 
could  be  accounted  for  by  the  assumption  that,  as  the  con- 
centration of  each  liquid  becomes  less,  its  ability  to  scatter 
light  and  to  polarize  the  scattered  light  increases.  This 
assumption  would  help  to  collate  the  behavior  of  liquids  with 
that  of  gases,  for  a  comparison  of  our  results  for  liquids  with 
those  of  Strutt  and  Cabannes  for  gases  shows  that  gases 
scatter  more  light,  and  also  polarize  the  scattered  light  to  a 
greater  degree,  than  do  the  same  substances  in  the  liquid 
state. 

4.    The  Ratio  of  Incident  to  Scattered  Light 

Lord  Rayleigh  in  1899  formulated  the  relations  for  the 
light  scattered  by  a  nearly  transparent  medium  consisting 
of  particles  much  smaller  than  the  wave-length  of  light  and 
distributed  at  random.  His  theory  leads  to  the  following 
relation : 

7T2    (M2    "    I)2 


Ir2/EV  = 


2wX4 


where  X  is  the  wave-length  of  the  light, 

M  the   refractive   index   of   the   medium, 

n  the  number  of  scattering  particles  per  unit  volume, 

V  the  volume  of  substance  under  observation, 

I  the  intensity  of  the  scattered  light  at  a  distance,  r,  in  a 
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direction  perpendicular  to  that  of  the  exciting  beam, 
B  the  intensity  of  the  exciting  beam  itself. 
Measurement  of  the  ratio  I/E  for  a  given  wave-length  of 
light  leads  therefore  to  a  value  of  n.     This  value  Cabannes1 
has  recently  determined  for  argon  gas  to  be  3.08  X  1019,  a 
value  in  excellent  agreement  with  the  values  of  n  for  a  gas 
deduced  from  other  experiments. 

Measurement  of  the  Ratio  Ir^/EV  for  a  Liquid. — The  diffi- 
culty of  the  measurement  is  that  the  ratio  is  extremely 
small.  To  overcome  this  difficulty  the  ratio  I/E  was  first 
determined  for  a  piece  of  milk-glass  with  a  ground  surface. 
This  was  done  by  means  of  the  photometric  arrangement 
shown  in  Figure  4. 

The  source  of  light  S  was 
a  mercury  vapour  lamp  at 
equal  distances  from  A  and  B. 
A,  B  and  C,  all  similar  pieces 
of  ground  milk-glass,  are  par- 
allel to  one  another  and  at  an 
angle  of  45  degrees  to  SB. 
The  glass  B  is  illuminated  di- 
rectly by  S,  but  the  glass  C  is 
illuminated  only  by  the  light 
from  a  certain  area  of  A  out- 
lined by  a  circular  aperture,  H. 
B  and  C  are  seen  side  by  side 
through  a  circular  aperture,  D, 
and  the  brightness  of  B  is 
made  to  match  that  of  C  by  a 
photometric  wedge,  W,  and  a 
whirling  disc,  K,  with  a  small 
measured  sector  cut  out.  C 
and  B  were  seen  through  two  cells  Q,  one  containing  ammo- 
niacal  copper  sulphate  and  the  other  quinine  sulphate  solution, 
so  that  together  they  were  transparent  only  to  the  mercury  line 

1  Jour.  Phys.  Rad.,  (6)  1,  129  (1920).     See  also  Ann.  Phys.,  15,  5  (1921). 


Fig.  4 
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4358  A.  Since  A  and  B  are  similar  pieces  of  glass  and  equally 
illuminated,  we  have  measured  the  ratio  I/E  for  the  glass  A. 
The  value  I/E  for  the  milk  glass  was  found  to  be  0.00289, 
where  r  =  30.7  cm.  The  aperture  N  was  28.6  cm  from  C  and 
had  an  area  of  l.SOV. 

Some  freshly  distilled  carbon  bisulphide1  (used  because 
it  scatters  relatively  so  much  light)  was  placed  in  a  flat-walled 
cell  and  illuminated  by  a  beam  from  a  mercury  vapour  lamp. 
The  intensity  of  the  scattered  light  from  a  column  of  this 
liquid  2.80  cm  in  depth  was  measured  and  compared  with  that 
of  the  piece  of  milk-glass  in  place  of  the  carbon  bisulphide 
and  at  an  angle  of  45°  to  the  exciting  beam.  When  the  glass 
plate  was  measured,  the  light  which  illuminated  it  traversed 
a  parallel-sided  glass  cell  filled  with  carbon  bisulphide  to  com- 
pensate for  the  loss  by  reflection  of  the  exciting  light  on  entering 
and  of  the  scattered  light  on  leaving  the  glass  cell  containing 
the  carbon  bisulphide.  The  line  4358  A  was  isolated  as  before 
by  absorbing  solutions. 

carbon  bisulphide 

The  ratio  -  -  was  found  to  be  0.00113. 

milk-glass 

Next  the  light  scattered  by  the  same  sample  of  carbon 
bisulphide  in  a  cross  was  compared  by  the  usual  method  with 
that  scattered  by  a  sample  of  dust-free  ether  in  a  cross. 

ether  (dust-free) 

The   ratio  -  — -  =  0.068. 

carbon  bisulphide 

Therefore  Ir2/EV  for  dust-free  ether  = 
0.00289  X  0.001133  XJ0.72  X  0.068 


1.5V  X         X  2.80 


=  9.2  X  10-« 

Comparison  with  Cabannes'  Measurement  for  Argon  Gas. — 
Cabannes'  value  for  the  same  ratio  Ir2/EV  for  argon2  gas 

1  Carbon  bisulphide  may  seem  a  poor  liquid  to  choose  because  it  is  acted 
upon  by  light.  During  the  course  of  the  experiments,  however,  the  light-scattering 
was  quite  constant.  Whether  or  not  the  carbon  bisulphide  contained  impurities 
has  no  bearing  on  the  conclusions  drawn  regarding  ether  and  water. 

*  The  gas  used  was  really  a  mixture  of  91%  argon  and  9%  nitrogen,  but 
it  has  seemed  unnecessary  to  make  a  correction  here  for  this  fact.  The  cor- 
rection would  at  any  rate  amount  to  only  one  percent. 
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at  27°,  760  mm  is  1.34  X  10~8. 

Since  Strutt's1  and  Cabannes'  results  show  that,  for  gases 
which  completely  polarize  the  scattered  light,  the  intensity 
of  the  scattered  light  varies  as  the  square  of  the  refractivity, 
therefore  for  gaseous  ether2  calculated  at  27°  and  760  mm 

0.001542 
Ir2/EV  =      OQQ2852  X  1.34  X  10-8;  and  if  liquid  and  gaseous 

ether  scattered  light   in  proportion   to  their   densities,   the 

value  of  Ir2/EV  for  liquid  ether  at  room  temperature  would  be 

0.001542 


=  9.27  X  10-;5 

The  observed  value  is  therefore  about  one-tenth3  of  the 
value  calculated  on  the  assumption  that  the  light-scattering 
of  gaseous  and  liquid  ether  are  in  proportion  to  their  densities. 

Strutt  has  compared  with  gaseous  ether  a  sample  of  liquid 
ether  freed  of  dust  by  shaking  with  water.  He  found  that  such 
ether  scattered  one-seventh  as  much  light  as  did  the  same 
amount  of  ether  in  the  gaseous  state.  We  find  that  a  sample 
of  ether  shaken  up  with  water  scatters  about  1.7  times  as  much 
light  as  our  best  dust-free  ether.  This  would  make  dust-free 
ether  11.9  times  less  than  gaseous  ether,  a  ratio  in  fairly  good 
agreement  with  our  ratio  10. 

It  is  hoped  shortly  to  increase  the  accuracy  of  the  above 
measurements,  and  to  make  similar  measurements  for  other 
wave-lengths  of  light.  Such  measurements  would  put  to  a 
strict  test  the  inverse  fourth  power  law  for  liquids. 

The  Relation  of  the  Above  Result  to  Some  Deductions  Which 
have  been  made  regarding  the  Value  of  n  for  Liquid  Water.  — 
The  above  result  has  considerable  importance  in  relation  to 

1  Proc.   Roy.   Soc.,   9SA,    155   (1919). 

2  Ibid.  84A,  13  (1910);  Wied.  Ann.,  11,  70  (1880). 

8  This  ratio  may  now  be  easily  obtained  for  any  liquid  for  which  we  have 
given  the  relative  light-scattering  (Table  I)*.  For  the  various  alcohols  and 
aliphatic  compounds  the  ratio  is  of  the  same  order  of  magnitude  as  for  ether. 
For  benzene  and  its  derivatives  the  ratio  is  about  one-fifth,  while  for  carbon 
bisulphide  the  ratio  is  about  two-thirds. 
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some  calculations  made  by  Fowle,1  based  on  certain  measur- 
ments  by  Ewan  and  Aschkinass  of  the  coefficients  of  absorption 
of  light  by  liquid  water.2  To  quote  from  Fowle:  "For  these 
wave-lengths  (0.2  to  0.5  M)  therefore  liquid  water  scatters 
transmitted  radiation  just  as  would  the  same  amount  of 
water  in  gaseous  state  according  to  Rayleigh's  theory." 

Now    the    observed   ratio   of   the    scattered    light    for 

water  (liquid) /ether  (liquid)  is  0.192. 
Therefore  Ir2/EV  for  liquid  water  (observed)  = 

0.192  X  9.20  X  10-6  =  1.77  X  1Q-6 

Now  Ir2/HV  for  water  vapour  calculated  at  27°  and  760  mm 
from  Cabannes'  and  Strutt's  results  = 

°-OQ02532  X  1.34  X  10-8  =  1.06  X  10-8 
0.0002852 

Multiplying  this  value  by  the  ratio  of  the  density  of  liquid 
water  to  that  of  the  vapour  as  would  be  required  for  the 
application  of  Rayleigh's  theory  to  liquid  water: 

Ir2/EV  for  liquid  water  (calculated)    = 

1370  X  1.06  X  10~8  =  1.44  X  10~6 

It  would  appear  then  that  a  wrong  interpretation  has 
been  placed  on  the  results  of  Ewan  and  Aschkinass  since  our 
observed  value  is  about  ten  times  less  than  would  be  the  case 
if  the  liquid  and  gas  scattered  light  in  proportion  to  their 
densities.3 

The  conclusions  drawn  by  Fowle  are  placed  in  doubt  also 
on  other  grounds.  The  water  used  by  Ewan  in  his  extinction- 

>  Smith.   Mis.    Coll.,  69,   No.   3    (1918). 

2  Proc.  Roy.  Soc.,  57,  117  (1894);  Wied.  Ann.,  55,  401  (1895). 

3  It  seems  worth  while  to  quote  here  from  Lord  Rayleigh  (Phil  Mag., 
47, 375(1899))  on  the  application  of  his  formula  to  the  light-scattering  by  liquids: 
"It  is  more  than  doubtful  whether  the  calculations  are  applicable  to  such  a  case 
(the  case  of  a  liquid  or  a  solid),  where  the  fundamental  supposition,  that  the  phases 
are  entirely  at  random,  is  violated.     When  the  volume  occupied  by  the  molecules 
is  no  longer  very  small  compared  to  the  whole  volume,  the  fact  that  two  mole- 
cules cannot  occupy  the  same  space  detracts  from  the  random  character  of  the 
distribution.     And  when,  as  in  liquids  and  solids,  there  is  some  approach  to  a 
regular  spacing,  the  scattered  light  must  be  much  less  than  upon  a  theory  of 
random  distribution." 


The  Scattering  of  Light  by  Dust-Free  Liquids  87 

coefficient  measurements  was  prepared  by  distillation  in  a 
block  tin  condenser  in  the  presence  of  air  and  must  have  con- 
tained a  good  deal  of  dust.  Fowle's  reason  for  assuming  that 
all  the  absorption  was  due  to  scattering  was  that  the  absorption- 
coefficients  for  the  various  wave-lengths  considered  followed 
the  inverse  fourth  power  law.  But  this  would  also  be  true 
for  scattering  by  fine  dust  particles.  There  is,  moreover,  no 
good  reason  to  assume  that  the  light  of  the  shorter  visible 
wave-lengths  has  no  heating  effect.  It  is  indeed  true  that  there 
are  no  absorption  bands  in  this  region  of  the  spectrum;  but 
there  may  easily  be  some  slight  heating  effect  general  through- 
out the  spectrum  and  increasing  for  the  shorter  wave-lengths 
so  as  to  make  no  great  deviation  of  the  extinction-coefficients 
from  the  inverse  fourth  power  law. 

It  would  be  very  interesting  to  study  the  light-scattering 
of  some  gases  near  the  critical  conditions.  R.  J.  Strutt  gives 
results  for  carbon  dioxide  at  high  pressures  which  indicate  that 
for  the  pressures  and  temperatures  at  which  he  worked  the 
scattering  was  proportional  to  the  density  of  the  gas.  If  this 
be  true  some  rather  sudden  departure  from  this  relationship 
must  occur  at  or  near  the  critical  point. 

The  authors  have  in  prospect  the  measurement  of  some 
extinction-coefficients  for  dust-free  water  and  other  liquids  to 
obtain  further  evidence  on  this  disputed  question. 

Summary 

1.  The  relative  intensity  and  the  polarization  of  the  light 
scattered  by  various  liquids  have  been  measured  with  an  ac- 
curacy greater  than  that  attained  in  our  previously  published 
papers.     This  increased  accuracy  was  made  possible  by  the 
use  of  cross-shaped  containers  with  sealed-in,  flat,  glass  end- 
plates  in  place  of  the  bulbs  used  heretofore. 

2.  Measurements  of  the  light  scattered  by  two-component 
liquid  solutions  show  that  the  relative  intensity  of  the  scattered 
light  is  always  somewhat  greater  than  that  calculated  on  the 
assumption  that  the  scattered  light  is  an  additive  property 
for  the   two   liquids. 
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Liquids  which  polarize  the  scattered  light  very  far  from 
completely  show,  on  dilution,  much  more  nearly  complete 
polarization. 

3.  Measurements  of  the  ratio  of  the  intensity  of  incident 
light  to  that  of  scattered  light  have  been  made  for  liquids. 
The  results  show  that  ether  and  water  scatter  about  one- 
tenth  as  much  light  as  do  the  same  weights  of  these  liquids 
in  the  gaseous  state.  For  benzene  and  its  homologues  the 
ratio  is  about  one-fifth. 

The  authors  wish  to  express  their  thanks  to  Professor 
F.  B.  Kenrick  for  the  great  interest  he  has  taken  in  the  work, 
and  especially  for  his  help  in  overcoming  the  experimental 
difficulties  which  have  been  encountered. 

[Note  received  December  14.  Since  the  manuscript  of 
this  article  was  sent  forward  the  ratios  of  exciting  to  scattered 
light  have  been  measured  also  for  mercury  green  and  sodium 
yellow  lines.  The  same  method  was  used  as  is  described 
above  for  X  4358A.  A  comparison  of  these  ratios  for  the  three 
wave-lengths  shows  that  the  intensity  of  the  scattered  light 
varies  inversely  as  the  fourth  power  of  the  wave-length.  ] 
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THE  RELATION  BETWEEN  LIGHT-ABSORPTION  AND 
LIGHT-SCATTERING  FOR  LIQUIDS* 


BY  W.    H.    MARTIN 

Water  is  well  known  to  exercise  selective  absorption  on 
light  in  the  yellow  and  red  part  of  the  spectrum  and  also  in 
the  extreme  ultra-violet.  Between  2000  A  and  5000  A  however 
is  a  region  in  which  water  is  extremely  transparent.  If  now 
it  be  assumed  that  in  this  region  of  very  slight  absorption  all 
the  energy  lost  by  the  primary  wave  appears  as  scattered 
light,  we  are  led  at  once  to  a  value  for  the  ratio  of  incident 
to  scattered  light  for  water  or  other  liquid. 

Such  an  assumption  has  been  made  by  various  authors. 
Lacking  until  recently  any  measurements  of  the  light  scattered 
by  liquids,  they  have  used  in  their  stead  absorption  measure- 
ments for  testing  out  various  light-scattering  formulas.  It 
is  the  purpose  of  this  article  to  review  somewhat  critically 
the  measurements  of  absorption  of  water  previously  made 
and  to  present  some  measurements  on  dust-free  water  and 
benzene  made  in  this  laboratory. 

Hufner  and  Albrecht,1  Ewan,2  and  Aschkinass3  all  give 
results  which  are  not  at  all  in  good  agreement  in  the  region 
of  the  spectrum  with  which  we  are  concerned.  Kreusler4 
examined  the  transparency  of  water  in  the  ultra-violet  and 
violet  region.  It  is  clear  that,  although  all  the  above  workers 
carefully  distilled  the  water,  they  did  so  in  the  presence  of 
air  and  must  certainly  have  had  a  great  deal  of  dust  in  the 
water. 

Fowle5  has  used  the  results  of  these  experimenters  to 
evaluate  N,  the  number  of  molecules  of  water  per  cubic  centi- 


*  Received  April  21.  « 

1  Wied.   Ann.,  42,   10   (1891). 

2  Proc.  Roy.  Soc.,  57,  127  (1894). 

3  Wied.  Ann.,  55,  401  (1895). 

4  Ann.    Phys.,    [4]  6,  412    (1901). 

6  Smith:    Mis.  Coll.,  69,  No.  3  (1918). 
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metre,  by  means|pf*the  Rayleigh  formula:1 

32  y»Qi  -  I)2 


3NX4 

and  has  obtained  a  value  of  N  in  most  excellent  agreement 
with  the  accepted  value.  The  author  believes  this  agreement 
to  be  entirely  fortuitous,  and  has  shown  in  an  earlier  paper2 
that  the  measured  value  of  the  light  scattered  by  water  is 
only  about  one  tenth  of  that  used  by  Fowle  in  his  calculation. 
Moreover  Rayleigh  distinctly  states  that  his  formula  is  not 
quantitatively  applicable  to  liquids. 

C.  V.  Raman3  has  recently  and  very  successfully  applied 
the  Einstein-Smoluchowski4  relation 

&T'  O*2  -  I)2     2  2 

27  " 


to  the  scattering  of  light  by  liquids,  and  has  shown  that  the 
observed  values  for  several  liquids  are  in  excellent  agreement 
with  those  calculated  from  the  above  relation.  This  equation 
is  evidently  more  general  than  the  Rayleigh  equation  since: 

(1)  it  reduces  to  the  Rayleigh  equation  for  gases  which 
obey  Boyle's  law; 

(2)  it  fits  fairly  well  the  observed  results    for    liquids; 

(3)  it  accounts  for  the  remarkable  opalescence  of  liquids 
near  the  critical  conditions. 

Raman  has  assumed  that  all  the  light  absorbed  by  water 
in  the  neighborhood  of  5000  A  is  scattered.  He  has  favored 
the  absorption  measurements  of  Aufsess5  who  took  consider- 
able care  to  free  the  water  from  motes,  following  Spring's 
method  of  removing  the  dust  by  precipitation  of  gelatinous 
precipitates  in  the  water,  and  no  doubt  removed  all  the  dust. 

The  extinction-coefficients  measured  by  Aufsess  are  much 
smaller  than  those  of  other  experimenters  —  in  fact  he  could 


1  Phil.  Mag.,  47,  375  (1899). 

2  Martin  and  Lehrman:    Jour.  Phys.  Chem.,  26,  75  (1922). 
'"Molecular  Diffraction  of  Light,  University  of  Calcutta,"  1922.    See  also 

Proc.  Roy.  Soc.,  101A,  64  (1922). 

4  Ann.  Phys.,  [4]  33,  1275"  (1910). 
8  Ibid.,    [4]  13,  678  (1904). 
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detect  no  absorption  for  "optically  empty"  water  for  wave- 
lengths shorter  than  5200  A.  The  reason  for  this  is  apparent 
however  on  reviewing  his  method.  He  passed  the  light  through 
a  tube  5 . 5  metres  long  and  compared  the  emergent  light  with 
a  standard  By  filling  the  tube  first  with  air  and  then  with 
water  he  found  the  absorption  due  to  the  water.  Regarding 
the  reflection  of  the  glass  plates  at  the  end  of  the  water-tube 
he  says:  "The  reflection  on  the  passage  of  the  light  to  a  dif- 
ferent medium  had,  as  I  persuaded  myself,  no  appreciable 
influence  on  the  measurement." 

Now  it  is  well  known  that  for  perpendicular  incidence 

the    fraction    of   light   reflected    is    approximately 


which  for  an  air-glass  surface  is  four  percent,  whereas  for  a 
water-glass  surface  it  is  negligibly  small.  Therefore  empty- 
ing out  water  from  the  tube  is  equivalent  to  decreasing  the 
intensity  by  about  eight  percent.  Presuming  that  he  used 
glass  of  refractive  index  1.5,  I  have  recalculated  his  results 
and  found  that  they  are  in  fair  agreement  with  the  results 
given  later  in  this  paper. 

Since  the  matter  of  the  absorption  of  water  has  been  so 
much  in  dispute,  and  is  of  considerable  interest  to  those  con- 
cerned with  the  theory  of  light  scattering,  some  measurements 
have  been  made  with  water  carefully  freed  of  dust. 

Measurement  of  the  Absorption  of  Light  by  Water 

The  water  used  in  the  measurements  was  contained  in 
a  pyrex-glass  tube  90  cm  long  and  2.5  cm  in  diameter.  Op- 
tically flat  end-plates  of  pyrex  glass  were  sealed  into  the  tube 
by  the  method  described  in  'a  former  paper, l  and  the  water 
was  rendered  free  from  dust  by  the  method  of  distillation  in 
vacuum  without  ebullition.  The  source  of  light  was  a  Cooper- 
Hewitt  mercury  lamp  and  the  three  lines  4358,  5461  and  5780 
were  isolated  by  Wratten  light-filters  placed  in  front  of  the 
observer's  eye.  Two  pieces  of  white  paper  A  and  B,  illumi- 


1  Jour.  Phys.  Chem.,  26,  75  (1922). 
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nated  by  the  mercury  lamp  were  seen  side  by  side  through  a 
Lummer-Brodhun  cube.  The  paper  B  was  seen  through  the 
tube  of  water,  and  the  paper  A  was  made  to  match  it  in  in- 
tensity by  adjustment  of  an  optical  wedge.  The  tube  of 
water  was  then  replaced  by  two  pieces  of  pyrex  glass  cut 
from  the  same  piece  as  the  end  -plates  of  the  tube  and  having 
a  thin  film  of  water  between  them.  Any  loss  of  light  due  to 
reflection  at  the  ends  of  the  tube  was  thus  compensated  for. 
From  the  two  readings  of  the  wedge  with  the  tube  in  place 
and  with  the  tube  replaced  by  the  reflection-compensator 
the  absorption  of  the  water  is  given.  A  telescope  was  used  in 
making  the  photometric  comparison  and  several  diaphragms 
were  so  placed  that  the  field  was  limited  as  desired  and  all 
parasite  light  was  excluded. 

The  optical  wedge  used,  though  supposedly  a  good  neutral 
grey,  was  found  to  exercise  some  selective  absorption  and  was 
calibrated  for  the  three  wave-lengths  used  by  comparison 
with  a  whirling  disc  with  variable  sector. 

The  actual  absorption  was  very  small  so  that  the  ex- 
tinction-coefficients c.  given  below,  are  subject  to  considerable 
error.  The  probable  error  is  as  great  as  25  percent  for  the 
blue  line  4358  A,  and  less  for  the  other  lines.  The  blue  line 
is  particularly  difficult  to  measure  since  there  is  apparently 
no  light  filter  obtainable  which  is  transparent  to  this  line  and 
quite  opaque  to  the  other  mercury  lines.  On  the  other  hand 
very  transparent  monochromatic  filters  are  obtainable  for 
5461  A  and  5780  A. 

The  results  of  the  measurements  of  the  coefficients  of 
extinction  per  centimetre  of  water  are  given  below,  e  is  de- 
fined by  the  relation 

1         I 


d  is  the  length  of  the  column  of  water  in  centimetres.     — 

Io 

is  the  ratio  of  the  intensity  of  light  transmitted  by  water  to 
that  which  was  transmitted  by  air.     (The  slight  absorption 
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of  the  air  was  neglected,  the  laboratory  being  rather  isolated 
and  the  air  fairly  dust-free.) 

The  same  experiments  were  repeated  with  ordinary 
laboratory  distilled  water  and  with  dust-free  benzene  prepared 
by  distillation  in  vacuum. 


Wave-length 

6 

Ordinary  dis- 
tilled water 

• 

Optically 
empty  water 

6 

Ewan's  results 

e 
Dust-free 
benzene 

4358A 
5461 
5780 

.00087 
.00072 
.00095 

.00012 
.00034 
.00064 

.00042 
.00051 
.  00090 

.00056 
.00024 
.00045 

It  appears  from  the  table  that  the  dust-free  water  pre- 
pared by  the  method  of  distillation  in  vacuum  in  pyrex  glass 
(an  extremely  insoluble  glass)  is  much  more  transparent  than 
the  water  used  by  Ewan.  Aufsess  is  the  only  experimenter 
whose  results  are  lower  than  ours,  and  the  reason  for  this 
seeming  discrepancy  has  been  suggested  above. 

The  Relation  of  Absorption  to  Scattering1 

Recently  Martin  and  Lehrman  have  measured  the  light 
scattered  by  water.  Let  us  then  consider  the  extinction- 
coefficient  e  as  consisting  of  two  parts  ei  and  e2,  ei  being  that 
part  of  e  accounted  for  by  the  scattering  and  e2  the  remainder. 

Ir2 

The  ratio  -  -  for  X  4358  A  is  known. 
EV 

I  is  the  intensity  of  the  scattered  light  at  a  distance,  r, 
in  a  direction  perpendicular  to  that  of  the  exciting  beam, 

E  the  intensity  of  the  exciting  beam, 

V  the  volume  of  liquid  under  observation. 

Since  the  intensity  of  the  scattered  light  varies  inversely 
as  the  fourth  power  of  the  wave-length,  we  can  find  this  ratio 
for  any  wave-length.  By  summing,  all  the  light  scattered  in 
every  direction,  that  is,  by  integrating  the  scattered  light  over 
a  sphere,  it  follows  that 

167T  Ir*_ 
Cl~    3     EV 


470 


W.  H.  Martin 
For  dust-free  water 


X 

Ir2 
py  (measured) 

«i 

e  (measured) 

62  =  6—  «i 

4358 
5461 
5780 

1.77X10-6 
7.2  X10-7 
5.7  X10~7 

3.0X10-5 
1.2X10-6 
9.6X10-6 

1.2X10-4 
3.4X10-4 
6.4X10-4 

0.9X10-4 
3.3X10-4 
6.3X10-4 

For  dust-free  benzene 


4358 
5461 
5780 

2.6X10-* 

i.ixio-8 

8.4X10-6 

4.4X10-4 
1.8X10-4 
1.4X10-4 

5.6X10-4 
2.4X10-4 
4.5X10-4 

1.2X10-4 
0.6X10-4 
3.1X10-4 

4358  A  lies  in  the  region  where  it  has  been  assumed  that 
all  the  absorption  is  due  to  scattering.  How  far  this  as- 
sumption is  from  the  truth  appears  from  the  above  table. 
Of  light  of  this  wave-length  absorbed  by  water  only  one-fourth 
is  scattered.  We  presume  the  rest  of  the  absorbed  light 
goes  to  heat  up  the  water.  The  absorption  is  much  greater 
towards  the  red — all  experimenters  agree  that  considerable 
selective  absorption  is  met  with  beyond  5000  A. 

In  benzene  we  have  a  liquid  which  for  X  4358  and  X  5461 
scatters  almost  three-fourths  of  the  light  which  it  absorbs. 

It  would  appear  then  to  be  very  unsafe  to  draw  conclusions 
regarding  the  light  scattered  by  liquids  from  absorption  experi- 
ments. Possibly  some  hypotheses  might  be  made  by  which  the 
scattered  radiation  might  be  related  to  the  total  absorption. 

Summary 

The  transparency  of  dust-free  water  and  benzene  has 
been  measured  for  three  wave-lengths  of  light. 

The  absorption  of  the  dust-free  water  is  considerably 
less  than  that  found  by  other  experimenters. 

The  absorption  is  however  still  much  too  great  to  be  ac- 
counted for  by  scattering  alone. 

Some  conclusions  regarding  light-scattering,  made  by 
various  authors  who  based  their  calculations  on  absorption 
measurements,  are  discussed. 

Chemical   Laboratory 
University  oj  Toronto 
April  1922 
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positive  terminal,  and  immersed  in  an  aqueous  solution  containing 
about  18  grams  of  sodium  hydroxide  per  litre,  a  current  of  about 
4  amperes  per  square  decimetre,  at  45  volts  being  passed  for  12 
minutes. 

These  experments   were   carried   out   under   the    direction    of 
Professor  J.  T.  Burt-Gerrans. 


The  Determination  of  Phosphorus  in  Phosphor  Bronze,  and  a  Note  on 
the  Determination  of  small  amounts  of  Zinc 

By  Miss  F.  M.  BURWASH 
Presented  by  PROFESSOR  W.  LASH  MILLLR,  F.R.S.C. 

A  comparative  study  of  the  methods  for  determining  phosphorus 
in  bronze  led  to  the  conclusion  that  the  short  method  of  Greenwood 
gives  just  as  accurate  results  as  the  much  longer  and  more  tedious 
procedure  of  Griffith  and  Heath. 

To  the  bronze  is  added  a  gram  of  mild  steel  whose  phosphorus 
content  is  known.  The  whole  is  dissolved  in  aqua  regia,  nearly 
neutralized,  and  the  analysis  finished  exactly  as  in  the  case  of  high 
phosphorus  steels,  except  that  the  excess  of  potassium  permanganate 
is  reduced  with  hydrochloric  acid. 

Attempts  to  separate  small  quantities  of  zinc  from  low  grade 
ores  and  slags,  by  precipitation  as  ferrocyanide,  were  unsuccessful 
on  account  of  the  difficulty  of  purifying  the  precipitate  without 
formation  of  colloidal  solutions. 

These  experiments  were  carried  out  under  the  direction  of  Pro- 
fessor L.  J.  Rogers. 


Light  Scattering  by  Dust-free  Liquids 

By  W.  H.  MARTIN,  M.A. 
Presented  by  PROFESSOR  F.  B.  KENRICK,  F.R.S.C. 

The  ratio  of  exciting  to  scattered  'light  has  been  measured  for 
the  mercury  blue,  mercury  green  and  sodium  yellow  lines.  A  com- 
parison of  these  ratios  shows  that  the  intensity  of  the  scattered 
light  varies  inversely  as  the  fourth  power  of  the  wave  length. 


276  THE  ROYAL  SOCIETY  OF  CANADA 

The  light  absorption  of  dust-free  water  and  benzene  has  been 
determined  for  various  wave  lengths  and  found  to  be  considerably 
greater  than  the  amount  accounted  for  by  scattering  alone.  The 
absorption  for  water  was  considerably  less  than  that  found  by  pre- 
vious investigators.  Even  in  the  region  of  the  spectrum  where 
water  possesses  the  greatest  transparency  the  scattered  light  is  only 
one  fourth  of  the  total  light  absorbed. 


Light  Scattering;  Bibliography 

By  W.  H.  MARTIN,  M.A. 
Presented  by  PROFESSOR  F.  B.  KENRICK,  F.R.S.C. 

The  literature  on  light-scattering  has  grown  very  rapidly  during 
the  last  few  years.  Several  bibliographies  are  to  be  found  which  are 
concerned  with  certain  phases  of  the  subject  but  none  of  these  covers 
the  whole  field.  It  is  intended  that  the  following  reference  list,  in 
so  far  as  the  earlier  work  is  concerned,  shall  serve  only  as  an  index 
to  the  other  bibliographies  and  books  of  reference.  It  is  hoped, 
however,  that  the  list  of  references  to  the  more  recent  laboratory 
work  on  scattering  in  homogeneous  media  is  fairly  complete  and  that 
the  nature  of  each  article  is  made  apparent.  It  is  already  evident 
that  these  experimental  results  will  be  extensively  used  in  molecular 
physics  as  a  basis  for  hypotheses  regarding  the  constitution  of  matter 
and  the  nature  of  light. 

1.  EARLIER  THEORIES  OF  LIGHT-SCATTERING. 

For  review  and  bibliography  see  NICHOLS:  Phys.  Rev.,  26,  497  (1908). 

2.  LATER  THEORIES  OF  LIGHT-SCATTERING. 

A.     Lord  Rayleigh's  theory.     This  theory  underlies  all  theories 
of  light-scattering  which  have  survived. 
LORD  RAYLEIGH:   Phil.  Mag.,  41,  107,  274  and  447  (1871);    (5)  12, 

86  (1881);    47,  375(1899). 

Many  papers  have  appeared  in  amplification  of  the  Rayleigh 
theory.  For  review  of  theory  of  scattering  in  relation  to  general 
theory  of  light-propagation  see  NATANSON:  Phil.  Mag.,  38,  269 
(1919). 
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B.  Smoluchowski' s  theory.     A  special  theory  developed  on  the 
basis  of  Rayleigh's  theory,  but  more  general  in  that  it  is  applicable 
to  liquids  and  solids  as  well  as  gases,  and  in  the  case  of  gases  which 
obey  Boyle's  law  is  equivalent  to  Rayleigh's  theory. 
SMOLUCHOWSKI:   Ann.  der  Phys.,  25,  205  (1908). 
KAMERLINGH-ONNES  and  KEESOM:    Comm.  from  the  phys.  lab.  at 

Leiden,  No.  104b,  republished  in  Amst.  Proc.,  10,  611  (1908), 

also  in  Ann.  der  Phys.,  35,  591  (1911). 
EINSTEIN:  Ann.  der  Phys.,  33,  1275  (1910). 
KING:  A  modification  of  the  Smoluchowski  formula,  but  differing  from 

it  in  an  important  respect.    Read  before  Royal  Society  of  Canada, 

Section  III.,  May  1922,  and  to  be  published  elsewhere. 

C.  Cabannes'  correction  factor   for  use    in  either  of  the  above 
theories  in  case  the  scattered  light  is  incompletely  plane-polarized. 
CABANNES:   Jour,  de  Phys.,  (6)  1,  129  (1920);    Ann.  de  Phys.,  15, 

5  (1921). 


3.  RECENT  LABORATORY  OBSERVATIONS  ON  THE  SCAT- 
TERING OF  LIGHT  BY  HOMOGENEOUS  MEDIA. 

A.     Gases. 

CABANNES:  Comptes  rendus,  160,  62  (1915);  168,340(1919);  Ann. 
de  Phys.,  15,  5  (1921).  This  last  article  is  the  best  general 
review  of  the  whole  field  of  molecular  scattering. 

SMOLUCHOWSKI:    Bull,   de  1'Acad.   des  Sc.   de  Cracovie,  page  218, 

A,  (1916). 

R.  J.  STRUTT  (LORD  RAYLEIGH)  :   Proc.  Roy.  Soc.,  94A,  453  (1918); 

95A,  155  (1919);     Nature,  104,  412  (1919);      Proc.  Roy.   Soc., 

97A,  435  (1920);  98A,  57  (1920). 
CANS:   Ann.  der  Phys.,  65,  97  (1921). 

B.  Liquids. 

(a)  Controversy  as  to  whether  dust-free  liquids  scatter  light. 
LALLEMAND:    Comptes  rendus,  69,  1294-  (1869). 
SORET:    Ibid.,  69,  1192  (1869). 

SPRING:    Rec.  Trav.  chim.  Pays-Bas.,  18,  153  and  233  (1899). 
LOBRY  DE  BRUYN:  Ibid.,  23,  155  (1904). 
LE  BLANC  and  KANGRO:  Zeit.  Elektrochemie  19,  794  (1913);  see  also 

Zeit.  Phys.  Chem.,  87,  257  (1914). 
WOLSKI:   Kolloidchemische  Beihefte,  13,  137  (1920). 
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(b)  Quantitative  measurements. 

MARTIN:  Proc.  Roy.  Soc.  Canada,  7,  III.,  219  (1913)— the  first  defin- 
ite experimental  evidence  that  liquids  or  indeed  that  any  dust- 
free  media  scatter  light. 

R.  J.  STRUTT:  Proc.  Roy.  Soc.,  96A,  155  (1919) — a  measurement  of 
the  light  scattered  by  liquid  ether  is  given. 

MARTIN:  Jour.  Phys.  Chem.,  24,  478  (1920)—  quantitative  measure- 
ments of  relative  intensity. 

MARTIN  and  LEHRMAN:  Jour.  Phys.  Chem.,  26,  75  (1922);  Proc. 
Roy.  Soc.  Canada,  15,  50  (1921) — measurements  of  absolute 
intensity;  two-component  liquid  mixtures. 

KENRICK:  Jour.  Phys.  Chem.,  26,  72  (1922)— note  on  Wolski's  paper. 

RAMAN:  Nature,  109,  75  (1922);  Proc.  Roy.  Soc.,  101A,  64  (1922); 
Molecular  Diffraction  of  Light.  University  of  Calcutta  (1922) — 
preliminary  notes  on  some  work  now  in  progress. 

C.  Solids. 
R.  J.  STRUTT:   Proc.  Roy.  Soc.,  95A,  476  (1919)— light  scattered  by 

quartz  crystals,  calcite  crystals  and  glass. 
RAMAN:   Nature,  109,  42  (1922)— light  scattered  by  quartz  crystals. 

Ibid.,  109,  138  (1922) — light  scattered  by  amorphous  solids — glass 

in  particular. 

4.  CRITICAL  OPALESCENCE.  That  gases,  and  also  two- 
component  liquid  solutions  of  critical  composition,  scatter  a  very 
large  amount  of  light  even  at  some  distance  above  the  critical  tem- 
perature has  been  observed  by  many  investigators. 

A.  Experimental  data. 

AVENARIUS:    Pogg.  Ann.,  151,  306  (1874). 
GUTHRIE:    Phil.  Mag.,  (5)18,504(1884). 
WESENDONCK:  Zeit.  Phys.  Chem.,  15,  262  (1894). 
ROTHMUND:   Zeit.  Phys.  Chem.,  26,  433  (1898);  63,  54  (1908).    See 

this  last  paper  for  review  of  work  on  binary  liquid  mixtures. 
FRIEDLANDER:   Zeit.  Phys.  Chem.,  38,  385  (1901). 
FUCHTBAUER:  Zeit.  Phys.  Chem.,  48,  552  (1904). 
TRAVERS  and  USHER:  Proc.  Roy.  Soc.,  78A,  247  (1906),  republished 

in  Zeit.  Phys.  Chem.,  57,  365  (1907) — be^t  review  of  critical 

opalescence  in  gases. 
YOUNG:  Phil.  Mag.,  (6)  20,  793  (1910). 
KAMERLINGH-ONNES  and  KEESOM:    Comm.  from  the  Phys.  lab.  at 

Leiden,  No.   104b.,  republished  in  Amst.  Proc.,  10,  611  (1908), 

also  in  Ann.  der  Phys.,  35,  591  (1911).    In  this  paper  the  opales- 
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cence  of  ethylene  has  been  measured  at  various  temperatures 
above  the  critical  temperature  and  for  various  wave-lengths  of 
light.     The  results  are  in  good  accord  with  the  Smoluchowski 
theory. 
ANDANT:    Comptes  rendus,  174,  1333  and  1541  (1922). 

B.  Theories  of  critical  opalescence. 

KONOWALOW:    Ann.  der  Phys.,  10,  360  (1903). 

DONNAN:    Chem.  News,  90,  139  (1904). 

SMOLUCHOWSKI:   Ann.  der  Phys.,  25,  205  (1908). 

KEESOM:    Ibid.,  35,  591  (1911). 

EINSTEIN:   Ibid.,  33,  1275  (1910). 

ORNSTEIN:   Amst.  Proc.,  15,  54  (1912);  17,  793  (1914). 

5.  LIGHT-SCATTERING  BY  COLLOIDS. 

Much  work  on  light-scattering  of  both  theoretical  and  experi- 
mental nature  is  to  be  found  in  the  literature  of  colloidal  chemistry. 
Rayleigh's  theory  has  been  much  elaborated  by  Mie,  Havelock,  Gar- 
net, Cans,  Svedberg,  Lorenz,  Lorentz,  J.  J.  Thomson  and  many 
others.  Much  experimental  work  has  been  done  on  both  conducting 
and  non-conducting  particles  of  various  sizes.  For  bibliography  see: 
BURTON:  Physical  properties  of  colloidal  solutions — 'Longmans, 

Green  (1921),  pages  120-121. 

6.  THE  BLUE  COLOUR  OF  THE  SKY  and  other  meteorological 

and  astronomical  phenomena. 
For  bibliography  see  FOWLE:   Jour.  Opt.  Soc.  Amer.,  6,  105  (1922). 

7.  LIGHT  ABSORPTION   IN  RELATION    TO  .  LIGHT-SCAT- 

TERING. 

A.  Gases. 

KING:  Phil.  Trans.,  212A,  375  (1913),  abstracted  in  Proc.  Roy. 
Soc.,  88A,  83  (1913)— Avogadro's  number  is  deduced  from 
measurements  of  atmospheric  transparency.  Review  of  theory 
of  scattering  in  relation  to  atmospheric  transparency.  Nature, 
93,  557  (1914)— Rayleigh's  law  of  extinction  and  the  quantum 
hypothesis.  Nature,  95,  701  (1915)— speculation  concerning 
the  presence  of  gases  in  interstellar  space.  Proc.  Roy.  Soc. 
Canada,  8,  III.,  59  (1914)— determination  of  Avogadro's 
number  and  the  electronic  charge. 
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FOWLE:  Astrophysical  Jour.,  40,  435  (1914),  republished  in  Smith. 
Mis.  Coll.,  69,  No.  3  (1918)— Avogadro's  number  and  atmos- 
pheric transparency.  For  further  literature  see  Fowle's  biblio- 
graphy, paragraph  6  above. 

B.  Liquids. 

(a)  Measurements  of  absorption  of  water  in   the  visible  and 
ultra-violet. 

HUFNER  and  ALBRECHT:  Wied.  Ann.,  42,  10  (1891). 

EWAN:   Proc.  Roy.  Soc.,  67,  127  (1894). 

ASCHKINASS:    Wied.  Ann.,  55,  401   (1895). 

KREUSLER:    Ann.  der  Phys.  (4)  6,  412  (1901). 

AUFSESS:  Ann.  der  Phys.,  (4)  13,  678  (1904). 

KAYSER:  Handbuch  der  Spectroscopie,  Vol.  3,  392 — collection  of 
the  above  data.  Ewan's  results  are  here  misquoted,  the  base 
of  the  logarithm  being  confused.  This  error  has  been  copied 
in  other  papers. 

(6)  Conclusions  regarding  scattering  based  on  above  absorption 
measurements. 

FOWLE:  Smith.  Mis.  Coll.,  69,  No.  3  (1918). 
RAMAN:  Proc.  Roy.  Soc.,  101A,  64  (1922). 

(c)  The  relation  between  light-absorption  a^nd  light-scattering 
for  liquids. 

MARTIN:  Jour.  Phys.  Chem.,  26,  471  (1922).  In  this  paper  the  con- 
clusions by  Fowle  and  Raman  are  criticized,  and  some  new 
measurements  of  absorption  by  dust-free  water  and  benzene  are 
given. 

(d)  The  colour  of  water.    There  is  need  to  distinguish  carefully 
between  colour  of  water  by  transmitted  light — which  is  largely  a 
question  of  selective  absorption — ajid  colour  of  water  against  a  black 
background,  in  which  case  scattering  by  suspended  impurities  and 
molecular  scattering  are  the  important  factors.     See  papers  under 
7  (b)  above.    For  reviews  of  earlier  work  on  colour  of  water  see: 

LORD  RAYLEIGH:  Roy.  Inst.  Proc.,  Feb.,  1910;  Nature  83,  48  (1910) ; 
Collected  works,  Vol.  5,  page  540. 

BANCROFT:  Jour.  Frank.  Inst.,  187,  249  and  459  (1919),  repub- 
lished in  Chem.  News,  118,  pages  197-200,  etc.  (1919). 
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8.  SOME  RECENT  ARTICLES,  largely  theoretical,  concerned 
with  the  development  of  the  theory  of  light-scattering  and  the 
interpretation  of  the  recent  experimental  results. 

BORN:   Deutsch.  Phys.  Gesell.,  19,  243  (1917);  20,  16  (1918). 

LORD  RAYLEIGH:   Phil.  Mag.,  36,  429  (1918). 

LARMOR:    Phil.  Mag.  37,  161  (1919). 

KUN7:    Phil.  Mag.,  39,  416  (1920). 

WOOD:    Phil.  Mag.,  39,  423  (1920). 

SCHUSTER:  Proc.  Roy.  Soc.,  98 A,  248  (1920). 

J.  J.  THOMSON:  Phil.  Mag.,  40,  393  (1920). 

CANS:  Ann.  der  Phys.,  65,  97  (1921). 

BORN  and  GERLACH:  Zeit.  f.  Phys.,  6,  374  (1921). 

Doi:    Phil.  Mag.,  43,   829   (1922). 

HAVELOCK:    Proc.  Roy.  Soc.,  101A,  154  (1922). 
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